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Abstract
Mg(OH)2/graphene oxide (GO) composite film was electrochemical deposited on AZ91D magnesium alloys at constant potential. The
characteristics of the Mg(OH)2/GO composite film were investigated by scanning electron microscope (SEM), energy-dispersive X-ray
spectrometry (EDS), X-ray diffractometer (XRD) and Raman spectroscopy. It was shown that the flaky GO randomly distributed in the composite
film. Compared with the Mg(OH)2 film, the Mg(OH)2/GO composite film exhibited more uniform and compact structure. Potentiodynamic
polarization tests revealed that the Mg(OH)2/GO composite film could significantly improve the corrosion resistance of Mg(OH)2 film with an
obvious positive shift of corrosion potential by 0.19 V and a dramatic reduction of corrosion current density by more than one order of magnitude.
© 2015 Production and hosting by Elsevier B.V. on behalf of Chongqing University.
Keywords: Thin films; Coating; Electrochemical techniques; Corrosion
1. Introduction
Magnesium (Mg) and its alloys have been widely used due to
its excellent physical and mechanical properties, such as low
density, high strength/weight ratio, high stiffness, mechanical
castability and good vibration damping character [1–3].
However, the low corrosion resistance of Mg alloys in common
ambient environments due to high electrochemical activity
limits its applications, especially in marine environments [4–6].
To reduce the corrosion of Mg alloys, a number of protective
treatments have been investigated, such as element alloying and
surface films [1]. The latter methods can decrease corrosion rate
of Mg alloys by a few orders of magnitude by providing a
barrier between the Mg substrate and its environment, which is
more efficient compared to alloy development [7].
Graphene oxide (GO), the oxygenated counterpart of one
atom thick graphene sheet, has been applied in various biotech-
nologies, due to its extremely large surface area, ease of chemi-
cal functionalization, and good biocompatibility [8]. Moreover,
GO shows desirable dispersion behavior in aqueous solutions
and possesses good mechanical property [8]. Consequently,
there is growing interest in the scientific community to develop
new and advanced technique for GO on different metal sur-
faces, keeping in view its exceptional properties to protect them
from corroding in harsh environmental conditions. He et al. [9]
fabricated uniform GO films on sintered NdFeB by electropho-
retic deposition (EPD). The decrease in corrosion current
density and the positive shift in corrosion potential have both
demonstrated that GO films served as a corrosion inhibitor.
Park et al. [10] deposited GO onto carbon steel from a GO
water suspension by the same EPD method. However, the GO
layer did not provide sufficient protection for the steel because
the GO films were not formed densely enough, and the defects
on the surface acted as the corrosion initiation sites.
Further, GO/polymer composite films have also been fabri-
cated by EPD method to effectively protect metal subtracts
from NaCl aqueous solution. Singh et al. [11,12] reported the
fabrication of a robust graphene reinforced polymeric isocya-
nate crosslinked with hydroxy functional acrylic adhesive
(PIHA) composite films to prevent copper based structure from
oxidation and further corrosion. On the other hand, Zhou et al.
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[13] and Deng et al. [14] fabricated polypyrrole/graphene oxide
(PPy/GO) nanocomposites by a one-step electrochemical depo-
sition method. To our best knowledge, however, there has been
no effort to fabricate the GO reinforced inorganic composite
films for improved corrosion protection.
In this paper, we tried to directly deposit GO reinforced
Mg(OH)2 composite films on Mg alloy substrate in a Mg2+
aqueous solution by adding a good dispersion of GO sheets by
constant potential electrochemical deposition method. Such
kind of composite films may have potential application in cor-
rosion protection of biomedical Mg alloy due to the excellent
biocompatibility of GO and Mg(OH)2 [8,15]. In order to
compare the characterization of Mg(OH)2/GO composite films,
we also directly deposit Mg(OH)2 films on Mg alloy substrate
by same deposition conditions. The structure, composition and
corrosion resistance to the Mg alloy substrate of the Mg(OH)2
and Mg(OH)2/GO composite films were investigated.
2. Experimental
2.1. Fabrication of GO, Mg(OH)2 film and Mg(OH)2/GO
composite film
AZ91D Mg alloy was used as the substrate in the present
study. The chemical composition (wt.%) of magnesium alloy
wereAl 9.1, Zn 0.85, Mn 0.27, Mg balance.All specimens were
ground with waterproof abrasive papers and successively
cleaned in acetone and distilled water.
The modified Hummers method was utilized to prepare
graphene oxide (GO) as described in the literature [16]. In a
typical procedure, graphite powder (3 g, 325 mesh) was put
into a flask containing H2SO4 (12 mL), K2S2O8 (2.5 g), and
P2O5 (2.5 g) at 80 °C. The mixture was kept at 80 °C for 4.5 h
using a hot plate. Successively, the mixture was cooled to
room temperature and diluted with 0.5 L of H2O and left
overnight. And then, the residual acid of the mixture was
removed by filtered and washed with H2O using a 0.45 µm
Millipore filter. The product was dried under ambient condition.
This preoxidized graphite was then subjected to oxidation by
Hummers’ method described as follows. Briefly, pretreated
graphite powder was put into cold (0 °C) concentrated 120 mL
of H2SO4. Then, KMnO4 (15 g) was added slowly under
stirring. The temperature of the mixture was kept to be below
20 °C by cooling. Successively, the mixture was stirred at
35 °C for 2 h and then carefully diluted with 250 mL of H2O.
After that, the mixture was stirred for 2 h, and an additional
0.7 L of H2O was then added. Shortly, 20 mL of 30% H2O2
was added to the mixture. The resulting brilliant-yellow mixture
was filtered and washed with 10 wt.% HCl aqueous solution to
remove metal ions followed by washing repeatedly with H2O
to remove the acid until the pH of the filtrate was neutral. The
GO slurry was dried in a vacuum oven at 60 °C and purified
by dialysis for 1 week.
Electrochemical deposition of the Mg(OH)2 film and GO
reinforced Mg(OH)2 composite film on AZ91D Mg alloy were
performed using the Autolab PGSTAT302N system. A three-
electrode setup in an undivided cell was used for the electro-
chemical deposition process, with the as-prepared AZ91D Mg
alloy specimens 40 mm × 20 mm × 5 mm as working elec-
trodes, a graphite rod as the counter electrode, and an Ag/AgCl
electrode (saturated with KCl) as the reference electrode. The
Mg(OH)2 film was deposited using 1 L aqueous solution dis-
solved 25.6 g Mg(NO3)2·6H2O (analytical purity) as the Mg2+
source (0.1 M Mg2+). The aqueous solution with the same con-
centration of Mg2+ with addition of 10 mg well-dispersed GO
sheets was used to deposit the GO reinforced Mg(OH)2 com-
posite film. Electrochemical deposition processes were carried
out at room temperature (25 °C) using applied potentials
−1.9 V for 3600 s. After each deposition, the resulting surface
was thoroughly rinsed with DI water and dried with a gentle
stream of nitrogen gas.
2.2. Characterization of Mg(OH)2 film and Mg(OH)2/GO
composite film
SEM images and EDS were obtained using a JEOL JSM-
5600LV scanning electron microscope operated at 20 kV. SEM
images of the films were coated with gold using a thermal
evaporator before imaging to minimize charging problems.
However, EDS spectra and elemental distribution of the
samples were not evaporated gold. XRD patterns were recorded
on a Scintag X2 diffractometer (Cu Kα radiation). The accel-
erating voltage was set at 40 kV with 60 mA current from 5° to
70°. Raman spectra were performed using a Horiba JobinYvon
LabRAM-HR800 equipped with a HeNe (532 nm) laser oper-
ating at 10% power. Extended scans (10 s) were performed
between 100 and 4000 wave numbers with a laser spot size of
1 µm × 1 µm.
The corrosion resistance of the films was evaluated
using potentiodynamic polarization tests on the Autolab
PGSTAT302N electrochemical system. A typical three-
electrode cell system was used to perform the polarization tests
in 3.5wt.% NaCl solution.Working electrode was the electrode-
posited specimen. A platinum plate was used as counter elec-
trode. The reference electrode was an Ag/AgCl electrode
(saturated with KCl). The NaCl solution was prepared from
deionized water with pH of around 6.8 ± 0.2 and the exposed
area of the electroplated specimen to the solution was 0.5 cm2.
After 30 min of initial delay, potentiodynamic polarization was
scanned from −0.35 V with reference to OCP at a sweep rate of
1 mV s−1 to a final current density of 0.01 mA cm−2. All tests
were carried out at room temperature and were performed in
triplicate to ensure the reproducibility.
3. Results and discussion
3.1. Electrochemical deposition Mg(OH)2 film and
Mg(OH)2/GO composite film processes
Fig. 1 shows the variation of current density with deposition
time of electrochemical deposition process in Mg2+ nitrate solu-
tions with and without GO sheets at the applied potential from
−1.9 V. In both curves, the current densities increase immedi-
ately after application of the potentials, mainly due to double-
layer capacitance charges [17]. The maximum current densities
(im) shown in the i–t curves for the Mg2+ nitrate solutions
with and without GO sheets are read to be about 5.9 and
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6.1 mA/cm−2, respectively. After that, the current density of the
Mg2+ nitrate solution without GO sheets decreased gradually to
a stable value. However, the current density of the Mg2+ nitrate
solution with adding GO sheets sharply decreased after reach-
ing im and then reached to a relatively stable level. It was clear
that the current density of the Mg2+ nitrate solution with GO
sheets is lower than that of the solution without GO sheets
during the stable level. The difference of the i–t behavior can be
mainly ascribed to the presence of the GO sheets decreasing the
conductivity of the solution. The change of the i–t behavior
would influence the structure and property characteristics of the
resulting film.
3.2. Composition and microstructure of Mg(OH)2 film and
Mg(OH)2/GO composite film
The surface SEMmicrographs of the film deposited from the
Mg2+ nitrate solutions with and without GO sheets are presented
in Fig. 2. It can be seen from Fig. 2a that the film deposited from
the Mg2+ nitrate solution (denoted as Mg(OH)2 film) is not
uniform and many particles are presented on the surface. These
particles, with several micrometers in diameter, cluster together
on the surface as shown in Fig. 2b. In addition, some cracks and
micropores can be observed in the film. It is believed that the
cracks and microspores might be generated by the vigorous
hydrogen bubbling occurred at the surface of the specimen
during the electrochemical deposition process. These defects,
acting as channels that water infiltrate into Mg alloys substrate,
deteriorate corrosion protection of the film. The film deposited
from the Mg2+ nitrate solution with GO sheets exhibits different
surface morphologies. It can be seen from Fig. 2c that this film
has more uniform surface and the particles disappeared, though
there are still some cracks and micropores in the film. Instead,
some flaky substances randomly distribute on the surface of the
film (Fig. 2d). The EDS spectrum and elemental distribution
thereon of the film deposited from the Mg2+ nitrate solution
with GO are displayed in Fig. 3. It can be seen that the film
consists of C, O and Mg elements. The C elementary mapping
shows that the C element randomly distributes in the film. The
distribution of C element is well consistent with that of the flaky
substances shown in Fig. 2d, suggesting that these substances
Fig. 1. Variation of current density with deposition time in Mg2+ nitrate solu-
tion (a) without and (b) with GO sheets at the applied potential of −1.9 V.
Fig. 2. Surface SEM micrograph morphologies of the film deposited from the Mg2+ nitrate solutions (a,b) without and (c,d) with GO sheets on AZ91D alloys.
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might be the GO sheets embedded into the deposited film
(denoted as Mg(OH)2/GO composite film).
Raman spectroscopy is used to investigate the presence of
the GO in the film deposited from the Mg2+ nitrate solution with
GO sheets. Fig. 4 exhibits the Raman spectra of the films
deposited from the Mg2+ nitrate solutions with and without GO
as well as the pristine GO sheets. There are no any obvious
Raman peaks for the film deposited from the Mg2+ nitrate solu-
tion as shown in Fig. 4a. Meanwhile, two major peaks at 1330–
1360 cm−1 and 1590–1600 cm−1 are present in Fig. 4b and c,
which are normally referred to D and G bands [18], respec-
tively. The occurrence of G band is due to the E2g phonon mode
of in-plane sp2 carbon–carbon double bond stretching motion
and the D band is caused by the vibrations of carbon atoms with
dangling bonds in plane terminations of disordered graphite
[19]. The presence of D and G bands on the Raman spectrum of
the film deposited from the Mg2+ nitrate solutions with GO
confirms that the GO is codeposited with the Mg(OH)2 to form
a composite film on AZ91 alloy.
Fig. 5 displays the XRD patterns of the films deposited from
the Mg2+ nitrate solutions with and without GO. The XRD
pattern of GO sheets used in this work is also presented in
Fig. 5. It is found that the films deposited from the Mg2+ nitrate
solutions with and without GO sheets have almost the same
XRD patterns (Fig. 4a and b). The major diffraction peaks of
(001), (101), (102), (110) and (111) in the patterns are ascribed
to hexagonal Mg(OH)2 (JCPDF file NO. 44–1482), indicating
that the film is composed of Mg(OH)2 and the presence of the
GO sheets in the Mg2+ nitrate solution has no effect on the
crystallization characteristics of the Mg(OH)2 film. The diffrac-
tion peaks corresponding to GO are not observed in the XRD
patterns for the film deposited from the Mg2+ nitrate solutions
with GO. The absence of GO diffraction peaks could originate
from its low content in the film. This is consistent with the EDS
analysis presented in Fig. 3, in which the content of C element
is much lower than that of the Mg and O elements.
Fig. 3. EDS spectrum and elemental distribution thereon of the film deposited from the Mg2+ nitrate solution with GO sheets on AZ91D alloys.
Fig. 4. Raman spectra of the film deposited from the Mg2+ nitrate solutions (a)
without and (b) with GO sheets on AZ91D alloys as well as (c) the pristine GO
sheets.
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3.3. Corrosion resistance of the film
The corrosion protection property of the Mg(OH)2 film and
Mg(OH)2/GO composite film to AZ91D Mg alloys in 3.5 wt.%
NaCl solution was evaluated by potentiodynamic polarization
tests. Fig. 6 displays the polarization curves of Mg(OH)2 film
and Mg(OH)2/GO composite film on the Mg alloys. The polar-
ization curve of bare Mg alloy is also presented in Fig. 6 for
comparison. The corrosion potential (Ecorr) and corrosion
current density (icorr) of the specimens were fitted by using Tafel
extrapolation from the polarization curves and the results are
listed in Table 1. It can be seen from Fig. 6 and Table 1 that both
the Mg(OH)2 film and Mg(OH)2/GO composite film coated Mg
alloys have more positive Ecorr and lower icorr than that of bare
Mg alloy. From the polarization curves, it should also be noted
that both the Mg(OH)2 film and Mg(OH)2/GO film coated Mg
alloys are characterized by passive regions in the anodic
branches. Therefore, the polarization testing results clearly
indicate that the Mg(OH)2 and Mg(OH)2/GO composite films
could provide effective corrosion protection to the AZ91D
substrate in 3.5 wt.% NaCl solution. Furthermore, the
Mg(OH)2/GO composite film registers a remarkable positive
shift of Ecorr from −1.34 V to −1.15 V and more than one order
of magnitude lower icorr than the Mg(OH)2 film, suggesting that
the Mg(OH)2/GO composite film has better corrosion resis-
tance than the Mg(OH)2 film. The improvement of the corrosion
resistance for the Mg(OH)2/GO composite film may be ascribed
to two aspects. Firstly, the GO sheets distributed in the film
improved the stability of the Mg(OH)2 film and decreased the
corrosion tendency of the AZ91D Mg alloy by the positive shift
of the Ecorr. Secondly, though the Mg(OH)2/GO composite film
shows some defects, it possesses more uniform and compact
microstructure compared to the Mg(OH)2 film due to the addi-
tion of GO in the Mg2+ nitrate solution changed the i–t behavior
during the deposition process. The relatively uniform and
compact film on the surface of the AZ91D alloy could effec-
tively reduce the corrosion rate (icorr) of theAZ91DMg alloy. In
addition, the GO sheets in the film acted as barrier to electron
and ion transport between the substrate and the corrosive solu-
tion, retarding partially the corrosion of the substrate [20].
4. Conclusions
Mg(OH)2/GO composite films were successfully electro-
chemical deposited onAZ91DMg alloys at an applied potential
of −1.9 V in Mg2+ nitrate solution dispersed with GO sheets.
The addition of GO sheets into the solution affected the depo-
sition process and the microstructure of the Mg(OH)2 film,
resulting in a more dense and uniform surface. Polarization
tests in 3.5wt.% NaCl solution revealed that the Mg(OH)2/GO
composite film exhibited better corrosion protection property to
Fig. 5. XRD patterns of the film deposited from the Mg2+ nitrate solutions (a)
without and (b) with GO sheets on AZ91D alloys as well as (c) the pristine GO
sheets.
Fig. 6. Potentiodynamic polarization behavior of (a) bare Mg alloy, (b)
Mg(OH)2 and (c) Mg(OH)2/GO coated Mg alloys in 3.5wt.% NaCl solution.
Table 1
Corrosion potentials and current densities derived from the polarization tests of
the samples.
Ecorr (V vs. Ag/AgCl) icorr (A cm−2)
Bare Mg alloys −1.39 4.32 × 10−5
Mg(OH)2 film coated Mg alloys −1.34 5.36 × 10−6
Mg(OH)2/GO film coated Mg alloys −1.15 2.54 × 10−7
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AZ91D alloy than the Mg(OH)2 film, which was mainly attrib-
uted to the more dense structure of the Mg(OH)2/GO composite
film and the barrier effect of GO sheets embedded in the film.
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